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By Donald W. Bahr

SUMMARY

The evaporation and spreading of isooctane sprays were investigated
over & range of inlet-air conditions common in ram-jet engines. Iso-
octane was injected contrastream from a simple-orifice fuel injector
into air flowing through an 8-Inch-diameter duct. The total and the
liguid fuel distribution across the duct were determined.

The distribution profiles were measured over the following ranges
of varisbles: inlet-air temperatures, 540° to 850° R; inlet-air veloci-
tles, 100 to 350 feet per second; inlet-air static pressures, 18 to 35
inches of mercury absolute; fuel-injectlon pressure drops, 25 to 85
pounds per sqguare inch; diameters of fuel inJjector orifice, 0.024 to
0.041 inch; and axisl distances from fuel iInJector, 5 to 18 inches.

Over these ranges, expressions were cbtalned which relasted the evapora-
tlon rate and the degree of spreading of the sprays to the experimental
variables.

INTRODUCTION

The two primary considerations in the preparation of fuel-air mix-
tures in ram-Jet and afterburner combustors are the evaporatlon rate and
the distribution pattern of the fuel spray. The location of the fuel
injectors relative to the flame holders, for optimum combustor perform-
ance, 1ls dependent on these two factors. This report describes an
experimentsl investigation of the effect of combustor-inlet conditions
on the evaporation and spreading of a gascline-type fuel injected con-
trastream from a simple orifice; the investigation was conducted at the

NACA Lewls laboratory.

The evaporation rate of fuel sprays in high-velocity air streams
has been investigated analytically (ref. 1). The results of an experi-
mental study, in which rather limited ranges of air-flow conditions were
utilized, are reported In reference 2. In reference 3, a theoretical
and experimentael treatment of fuel-spray spreading in high-velocity air
streams is described; however, only sprays consisting of either a highly
volatile or a nonvolatile fuel were considered.
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The object of this study was to relate the evaporatlion and spread-
ing rate of isooctane sprays to inlet-air and fuel-injection parameters
common to ram-Jjet engines and afterburners. Isococtane was injected
contrastream into ailr flowing through s duct 8 inches 1n diameter.
Samples of the spray were wilthdrawn with a probe downstream of the
simple-~orifice fuel inJjector. Both the total fuel and the liquid fuel
distribution across the duct were determined by sampling techniques
described in reference 3. The measurements were made over ranges of
iniet-air temperatures, inlet-air velocities, inlet-air static pressures,
fuel-injection pressures, fuel orifice diameters, and axial distances

from the fuel injector.
SYMBOLS
The followlng symbols are used in this report:

D dlemeter of fuel-injector orifice, in.
exp exponential, [exp(x) = e*]
T fuel-air ratio \

sxial distance from fuel injector, in.
M index of fuel-spray spreading, sq ft

spray evaporation, percent
Pq alr pressure, in. Hg &abs
Pe fuel-injection pressure drop, 1lb/sq in.
R radius of duct, ft
r radial distance from spray axis, £t

Tg inlet-alr temperature, °r

Vg inlet-air velocity, ft/sec
Vo air-flow rate, 1b/sec
Subscripts:

1 liquid

o over all

t total

3068
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APPARATUS
Installation

A schematic disgram of the test installation is presented in fig-
ure 1. Air at 40 pounds per square inch gage was drawn from the l1lab-
oratory slr-supply system and exhausted into the altlitude-exhasust system.
The air flow was regulated upstream of the test unit by two butterfly
velves: an 8-inch-diameter valve and, in a bypass line, & 4-inch-
diameter valve. The ambient pressure in the test section was controlled
downstream of the test unit by 2 similar system of two butterfly valves.
The air was preheated by burning MIL-F-5624A grade JP-4 fuel with a small
portion of the air in & turbojet-engine combustor.

Test section. - The preheated air passed 'bhroughsa 12-foot length of
straight Inconel pipe having an ocutside.dlameter of Gg inches and a wall

thickness of 1/8 inch. A monel wire cloth, 30 by 28 mesh of 0.013-inch-
diameter wire, was placed in the duct 2-§- feet downstream of the preheater.

The sampling station was located 6— feet downstream of the wire cloth,

and fuel nozzles were positioned 5 to 18 inches upstream of the sampling
station. Quench water was Injected into the alr stream downstream of the
sampling statlon. The sir then flowed through the expansion bellows to
the downstream control valves and into the altitude-exhaust system.

Fuel and fuel system. - Isococtane, which met A.S.T.M. gpecifications,
was used throughout the investigation as the fuel. This fuel was deliv-
ered to the fuel injector by nitrogen pressure. All the injectors inves-
tigated were constructed of 1/4-inch-diameter Inconel tubing with a 0.031-
inch wall. A single orifice was drilled 1 inch from the sealed end of
the tube and reamed to remove any burrs. Orifice diameters of 0.024,
0.033, and 0.041 inch were utilized, and the fuel-injector orifice in
each case was positioned on the center line of the test section and

pointed directly upstream.

Instrumentation

The air was metered by a varlable orifice located upstream of the
air-flow control valves. The orifice was preceded by a l12-foot straight
length of pipe. The alr temperature was measured with unshlelded thermo-
couples at the orifice and at a distance of 3%— feet upstream of the
sampling station. Static-pressure teps were posltioned at the “thermocouple
stations and at the sampling station.

The iscoctane flow rate was determined with two calibrated rotam-
eters. Measurements of the fuel temperature and pressure were taken at
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the fuel injector. The JP-4 fuel was also metered by a calibrated
rotameter, and its pressure was measured at the air preheater. N

Sampling System

A schematic diagram of the sampling system is shown in figure 2.
Samples of the spray were continuously withdrawn from the test section
with & probe. The fuel-alr sample flowed vertically downward into the

analyzing section.

3068

Probe. - The probe was constructed of 3/16-inch outside-diameter
Inconel tubing wilth a 0.032-inch wall. The Z2-inch section of the prcbe,
which pointed directly into the alr stream, was tapered to the probe
mouth. Remote actuation of the probe was attained with a probe posi-
tioner with which a complete vertical traverse across the test section

was possible.

Analyzing section. - The sample was conducted from the probe to an '
electric-resistance hester to ensure complete evaporation of the collect- *
ed fuel. When necessary, diluent air was added to the sample at the
inlet of-the heater. The diluent-alr fiow rate was metered with a .

critical-flow oriflce.

The flow rate of the heated sample gas was measured with a ecali-
brated rotameter. The temperature and static pressure of the sample
were determined at the rotameter inlet. From the rotameter, the sample
was conducted through a cantrol valve to a two-cylinder-diaphragm pump.
The sample was then discharged from the pump to an NACA mixture analyzer
(ref. 4). A continuous analysies of the sample was obtalned, and the
fuel-air ratio of the sample was 1lndicated on a self-balancing

potentiometer.

METHODS AND FROCEDURE

At a single air-flow setting and fuel-injection rate, both the
totael and the liguid fuel distribution across the test section were
determined. The fuel temperature was held constant at approximately
80° F, and the profiles were measured over the following ranges of

variables: - - S _
Inlet-alr temperatures, 0F e e e e e e s e s e e e e 80 to 390
Inlet-alr velocities, ft/sec « « « ¢« « « « v « « « « « +» . . 100 to 350 _
Inlet-air statlic pressures, in. Hggbge « - . '« « o« « &+ « » 18 to 35
Axial distences from fuel injector, in. « . « .« +. . . . . . . 5 to 18

. 25 to B85 «

Fuel-injection pressure drops, 1b/sq in. « « « « « « . < «
Fuel-injector orifice diameters, in. . . . . . « + « . . 0.024 to 0.041
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Sempling Methods
Two techniques of withdrawing the spray samples were employed:

(1) The sample was withdrawn at stream velocity. All the fuel-sir
mixture intercepted by the probe was collected, and the total fuel-air
ratio at the sampling point was determined.

(2) The sample was withdrawn at a rate less than 40 percent of the
stream velocity. Most of the Intercepted flow was forced to spill
around the probe. Almost all of the fuel droplets entered the probe
because of their higher momentum; this is known as the spillover method
(ref. 3) of determining the liquid fuel-air ratic at the sampling point.

The ratio of the welght of droplets collected to the weight that
would be collected if no droplets were deflected around the probe is
defined as the collection efficiency of the spillover method. A theo-
retical analysis of the collectlon efficiencies of cylinders, ribbons,
end spheres ls presented in reference 5. This study demonstrates that
the collection efficlency is increased as the duct air velocity and the
droplet dlameter are increased and the probe size 1s decreased.

Although the configuratlons are not ldentical, the resulits of ref-
erence 5 may be applled to indicate qualitatively the collection effi-
ciency of the probe used in this investigation. Based on this analysis,
the following efficiencles are indicated &t an alr temperature of 80° F
and an air static pressure of 25 inches of mercury absolute:

Diameter of iso- Collection efficiency, percent, at -
octane droplets, Duct air velocit{y|Duct air velocity
microns of 150 ft/sec of 300 ft/sec
S 63 79
8 83 90
10 88 93
20 96 g8

Complete splillover of the lntercepted flow was assumed in the
analysis of reference 5. In the spillover measurements of this inves-
tlgation, however, about 40 percent of the intercepted flow was collect-
ed; thus, less deflection of the alr stream occurred, and the collection
efficiencies of this investigation were probably higher than those indi-
cated in the table.

The spillover sampling method was calibrated with Diesel fuel and
found to be accurate to within 45 percent (ref. 3). The method was also
calibrated as a part of this investigation. The injection of water into
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saturated alr streams ensured no evaporation of the lnjected liquid.
The water-inJection rate, as determined from spillover sampling measure- -
ments acrosg the duct, was compared with the metered water input-to

establish the sampling efficilency.

Over wide ranges of air-flow and water-flow conditlons, sampling
was found to account for sbout 90 percent of the metered input. This
value includes the effects of droplet collectlon efficlency as well as
other errors inherent In the determination of an average concentration
across 8 duct. This sampling efflclency of 80 percent was used to cor-
rect the spillover sampling measurements of this investigetion.

3068

The concentratlon of the fuel vapor ceptured along with the fuel
droplets in the spillover sample was included in the liquid fuel-zir ratio
indicated by the conductivity-type mixture analyzer. In this program,
all the liquid fuel-air ratlo measurements were corrected to account for
entrained vapor fuel. The analysis by which this correction was obtained
1s described 1n the appendix.

Experimental Procedure

Each run consilsted of a nonspillover and a splllover sampling
traverse. All traverses lncluded nine sampling points spaced across the
diameter of the duct. Sampling at stream velocity was accomplished by
regulating the sample gas-flow rate untll the flow rate indlcated by the
rotameter equalled the calculated flow rate Intercepted by the prcbe.
The splllover samples were then taken with a sample gas flow of about
40 percent of the nonsplillover rate. However, this flow rate could be
varied over & range of 20 to 60 percent of the nonspillover rate wlthout
appreclably affecting the calculated liquid fuel-air ratios. To reduce
the fuel-air ratio of the spillover samples to & value within the range
of the analyzer, measured quantitites of diluent air were added.

The zero settling of the NACA mixture analyzer was checked before
and after each traverse. The analyzer calibration was also checked
periodically with a standard gas sample. During all traverses a gege
pressure of sbout 2 inches of mercury was melntained at the analyzer
inlet. For runs in which the air preheater was used, the fuel-air ratio
that resulted from the combustion products of the JP-4 fuel was deter-
mined before the isococtane flow was started. This small fuel-air ratio
value was deducted from each of the measured total fuel-alr ratios.

Calculations

Rach fuel-air-ratio measurement of each traverse was plotted against .
the square of the distance from the spray axis at which the measurement
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was wade. From these plots, the average fuel-ailr ratioc of each profile
was determined by graphical integration. In this calculation, the spray
was assumed symmetric about the spray axis, and the air-veloclty profile
In the region of the spray was assumed flat. The latter assumption was
known from measurements of the veloclty profile to be sufficiently valid
over the region in which samples were taken.

The average fuel-air ratios were compared with the over-zll fuel-
air ratio computed from the metered air- and fuel-flow rates. The degree
of spray evaporatlion was thus determined by a comparison of the average
liguild fuel-air ratio with the metered fuel-alr ratio. The precision of
the run was indicated by the agreement of the two total fuel-air ratios.

A semilog plot of fuel-air ratio agalnst the square of the distance
from the spray axls was drawn for each total fuel-air-ratio profile.
The fuel-spray spreading index of the profile was obtained from the
slope of a straight line falred through the dats points.

RESULTS AND DISCUSSION

Data on the percentage of evaporation and the degree of spreading
of isooctane fuel sprays were cbtalned by sampling the fuel-alr mixture
across an 8-inch-diameter duct. Each run consisted of measurements of
both the total and the liquid fuel-air ratic distribution. A typical
set of fuel-distribution profiles is presented in flgure 3. A summary
of the experimental date is presented in teble I. '

From the measurements shown in figure 3, an average total fuel-air
ratio equal to 0.00445 was calculated. This total fuel-air ratio devi- -
gted from the metered over-all fuel-air ratio by 8.8 percent. In most
instances, the average totael fuel-air ratio obtained from the distribu-
tion profiles agreed within +10 percent with the metered over-all fuel-
air ratio. Both the total and the liquid fuel~air-ratlo profiles were
reproducible to within 15 percent.

Degree of Spray Evaporation

The degree of spray evaporation, expressed in percentage of fuel
evaporated, was determined from a comparison of the average liquid fuel-
air ratio with the metered over-all fuel-alr ratio. In figure 3, 54.6
percent of the injected fuel was found to be evaporated.

The influence of each experimental variable on spray eveporation
was studied while the other five experimental variables were maintained
fixed. With the fuel-injectlon system used in this study, the degree of
atomization of the inJjected fuel was determined by both the inlet-azir
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and the fuel-injection parameters. Since spray evaporation was depend- .
ent on the degree of atomization, the Influence of each experimental .
varigble on the evaporation rate included both 1ts effect on the atom-

ization process and any sdditional effect on the evaporation process.

Effect of alr tempersture. - The influence of air temperature on
the degree of sprey evaporatlon is shown in figure 4. These measuremente

were obtained with several fixed alr velocities and at a distance of 10%

inches from the 0.041-lnch-diameter fuel orifice. The alr pressure and
the fuel pressure drop were malntained at 25 inches of mercury absolute
and 55 pounds per square inch, respectlvely.

3068

The large increase in evaporation rate with air temperature mey be
ettributed to the greater heat transfer to the evaporating liquid as the
temperature difference between the air and droplets was lncreased. Also,
as the air density was diminished, greater upstream penetration of the
spray and, thus, longer residence times were possible.

Effect of alr velocity. - The degree of spray evaporation wes also -
found to increase with alr veloclty as shown in figure 5. However, the
Influence of elr veloclty was considerably smeller than that of air
temperature. The date were obtained at four fixed alr temperatures and .
under the same conditions as those of figure 4. )

The influence of alr veloclty was probably the result of a combina-
tion of factors. Finer stomization of the injected fuel and higher heat-
transfer coeffilclents between the alr and droplets would be expected at
the higher air velocities. Increased spray evaporation would result
from both of these factors. However, greater air velocities would also
be expected to decrease the residence time of the sprays. The results
of flgure 5 indicate that the galns in the degree of evaporation result-
ing from greater alr velocities overbalanced the effects of shorter
residence times.

Effect of alr pressure. - The degree of spray evaporatlon decreased
as the air pressure was increased (fig. 6). In this series, the 0.041-
inch-diameter orifice and a fuel-pressure drop of 55 pounds per square
inch were employed. The samples were withdrawn at a distance of
10% inches from the orifice at four combinationse of constant alr tem-

rerature and velocity.

The decrease in evaporatlon with increase in air pressure is par-
tially explained by the fact that the surface temperature of the drops
1s increased as the ambient-alr pressure 1is incressed, and as a result
the heat transfer to the drops 1s decreased. This fact is proved
experimentally for single droplets in reference 6. Also, asg the air
density increased, the spray residence time was probably diminished as
8 result of shorter upstream penetration.
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Effect of axial distance from fuel injector. - The results of
sampling at three axial distences from the fuel injJector are shown in
figure 7. These determinations were made with several combinations of
constant air temperature and velocity and at an air pressure of 25 inches.
of mercury ebsolute. The fuel-injection pressure drop across the 0.041-
inch-diameter orifice was maintained at 55 pounds per square inch. The
galins in the degree of eveporation with distance were due solely to the
increased spray residence times, since, for a glven set of conditioms,
the fuel atomization was fixed.

Effect of fuel-injectlon pressure drop. - The effect of fuel-
injection pressure drop across the 0.04l-inch-diameter orifice is shown
in figure 8. The pressure drop was varied from 25 to 85 pounds per
square inch; and the data were obtained at sn axlal distance of 103
inches from the injector, a static pressure of 25 inches of mercur§ ab-
solute, and three conbinations of constant air temperature and velocity.
The higher degree of evaporation obtained as the injection pressure was
increased mey be attributed to the finer stomlzation and deeper upstream
penetration that probably occurred because of the higher pressure drop.-

Effect of dlameter of fuel orifice. - The degree of spray evapora-
tion was essentially unaffected by changes in the diameter of the fuel
orifice (fig. 9). Evaporation rates were determined at three combina-
tlons of air temperature and velocity, an alr pressure of 25 inches

mercury absolute, a sampling distance of 10% inches, and & fuel-injection
pressure drop of 55 pounds per square inch.

As the nozzle slze was decreased, finer atomization and shorter
upstream penetration of the spray probably resulted. Apparently, the
gains in the degree of spray evaeporatlon due to the finer atomization
were essentlally counteracted by the influence of the decreased penetrsa-
tion which reduced the residence time.

Correlation of results. - The degree of spray evaporation is related
to the experimental varisbles in figure 10. This relation, which was
found to be valid over the investigated ranges of experimental conditions,
mey be expressed as follows:

T 4.4 v 0.80
N a a -1.2 _ 0.42 ;0.84
06 - = 9-35(1000) (100) P ReTL

The term EIE$L_7§ was used in the correlation, because the degree
of spray vaporization N did not exhibit a constant proportionality to

the experimental varlasbles. With this term, however, the exponents of
the five variebles are indicative of the actusl dependence of N on the.
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experimental parameters, since iﬁﬁg:—ﬁ considerably megnifies the

effects of changes in the experimental veriables. As an example, N is

proportional, over part of the investlgated range, to about the 1.5

power of the air temperature as compared with the 4.4 power relation of
N

100 - §°

The equation is significent because it shows the relative importance
of each of the inlet-alr and fuel-injection parameters. The extremely
large Influence of air temperature is evident. In comparison, the effects
of the other variables, pearticularly that of fuel-injectlion pressure
drop, are minor.

Fuel-Spray Spreading

The second major conslderation of the fuel preparation process 1s
the distribution pattern of the fuel spray. An eguation which describes
the diffusion of fuel from a continuous point source in high veloeclty alr
streams is reported in reference 7. The modified form of this equation,
presented in reference 3, may be further simplified to give

£ 032 2
f‘t = exp - —
M M

This equation predicte a straight-line relation between the logarithm of
fuel-alr ratio and the square of the radial distance from the spray axis.
The slope of this line is represented by -1/M.

The total fuel-air-ratio distribution of figure 3 is presented in a
semilog plot in figure 1l. The slope of the stralght line was -90.8 per
square foot. The positive reciprocal value of the slope M of each
total fuel-alr-ratio proflle was used as an Index of fuel-spray spreading.
This index is directly proportlional to the degree of spreading. An index
of this type was considered a more sultable criterion of the influence of
each of the experlmental variables on fuel spreading than a fletitlous
diffusion coefficlent. In a heterogeneous system, as in the sprays
employed in this program, a diffuslon coefficient is not generally

applicable.

The effect of each of the experimental parameters on the spreading
index was determined as a part of the evaporation-rate determinations.
The fixed sets of variebles with which the influence of each varisble was
gtudied were therefore identical to those desceribed for the evaporation
measurements. These experimentel conditions are glven in the figures in
which the spreasding indices are presented.

3068
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Effect of air temperature. - The dlrect relation between spreading
index and alr temperature is illustrated in figure 12. This lncrease
in spreading with increaging air temperature may be attributed to changes
in the spray penetration. The upstream penetration of the spray probably
increased as the alr density was decreased. This factor would cause
longer residence times and more initial radial dispersion of the fuel

droplets.

Effect of air velocity. - The data presented in figure 13 show that
the spreading index decreased with increasing alr veloclty. This de-
crease in the spreading spparently resulted from the shorter residence
times of the spray. The data also indicate that less initial radial
penetration of the liquid was obtained as the atomlzation became finer.

Effect of air pressure. - The influence of the ambient pressure on
the index of fuel spreading is shown in flgure 1l4. The results demon-
strate that the degree of spreadlng diminlished as ambient pressures were
increased. Shorter residence times due to the reduced upstream penetra-
tion of the fuel probably resulted as the alr density was increased.

Effect of axial distance from fuel injector. - The index of spread-
ing was found to have & direct relation to axial distance from the noz-
zle (fig. 15). Since all other conditions were fixed, this effect of
distance was solely a result of longer residence times.

Effect of fuel-injection pressure drop. - The spreading index
increased with increasing injection pressures as illustrated in figure
16. At the higher pressure drops, deeper upstream spray penetration
probably occurred and resulted in a greater degree of fuel spreading.
However, finer atomizatlon, and thus lessened radisal penetration, would
also be expected as the injection pressures were increased. Apparently,
the influence of the increased penetration overbalanced the effect of

finer atomization.

Effect of diameter of fuel orifice. - Although no effect was
observed on evaporation, the spreading index exhlbited a direct depend-
ence on the diameter of the fuel orifice (fig. 17). As the orifice size
was enlarged, coarser atomlzation and deeper penetration probably re-
sulted; both of these factors would tend to increase fuel spreading. In
the case of spray evaporation, however, these two factors would tend to

cancel out.

Correlation of results. - In flgure 1B, the index of fuel-spray
spreading is related to the six experimental paremeters. This relation
was found to be suitsble over the ranges of experimental conditions
studied. The straight line of figure 18 may be represented by the

followlng equations:
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M= 0.05980 + 0.00042

and

606/, © Pr b
(Va )0-85 0.57
100 Pa

This expression Indicates which factors are significant in determining
the fuel spreading. Spray residence time apparently is of major impor-
tance, since the effect of I was solely, and the effect of Vg mainly
due to this factor. If the exponents of L and Vg were assumed
equal, these two parameters could essentially be replaced by a residence
time to about the 0.80 power. The influence of the other four variables
wae also due In pert to changes in the residence time of the gprays
through changes in upstream penetration dlstance.

o \0-67
( e ) 0.76 _ 0.49 _0.79
@=

RESULTS AND CONCLUSIONS

The results of this investigation are limited to the case of
upstream injection of isococtane from a simple orifice. However, the
relations can probably be extended to any gasollne-type fuel without
serious error. The fuel-spreading results are further limlted to the
levels of turbulence that prevailed in the {test duct. For application
to engine design, these results therefore represent the minimum degree
of spreading, slnce higher turbulence levels would normally be encoun-
tered in engines.

The major contribution of this study was the determination of the
relative effect of each of the lnlet-alr and fuel-injection parameters
on the eveporation and the mixing of volatile fuels in high-velocity
alr streams. The results indicate that evaporation of these fuels
occurs readily, even In short axlal distances from the fuel nozzle.
Therefore, evaporation does not appear to be a controlling step in the
cambustlion process in ram-jet engines with inlet-temperatures higher
than 200° F.

The distribution profiles of isococtane injected contrastream from
gsimple-orifice fuel injectors into high-velocity alr streams were deter-
mined by sampling measurements acrosg a duct 8 inches in dlameter. Over
the ranges of inlet-alr and fuel-injection parameters investigated, the
following relations were obteined:

1. The degree of spray evaporation was related to the experimental
varlables by the following equation:

3068
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N Ta)4'4va)o'80 1.2 .. 0.42 10.84
6 [~ 9-%5 (1000 (100 Pe U P T LT

wvhere N is the percent of spray evaporation,' Ty is the inlet-air
temperature in °R, Vg 1s the Inlet-air velocity in feet per second, p,
is the inlet-alr pressure in inches of mercury gbsolute, Py 18 the fuel-

injection pressure drop ln pounds per square inch, and I is the axial
distance from the fuel injector in inches.

2. An index of the degree of fuel-spray spreading was expressed in
terms of the experimental varisbles by the following equations:

M= 0.0598% + 0.00042

T Q.67
o = \LOGO £

v 0.85
(1) o
100 a

where M 1is the index of fuel-spray spreading in squaere feet and D
is the diameter of the fuel-injector orifice in inches.

Lewis Flight Propulsion Leboratory
National Advisory Commlittee for Aeronsutics
Cleveland, Ohio, September 17, 1953
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APPENDIX - CALCULATIOGN CF LIQUID FUEL~AIR RATIO

The liquid fuel-air ratio measurements indicated by the conductivity-
type mixture analyzer included the concentration of vapor fuel which was
captured along wlth the liquid fuel droplets. The followlng analysie was
employed to obtailn the true liquid fuel-alr ratlo at the sampling point
from the experimental measurements. The following symbols were utilized
in this analysis:

Cq concentration of fuel in collected sample after addition of diluent
air, 1b fuel/lb mixture

30RA

£y liquid fuel-air ratio in meln stream at polnt of sampling
£ fuel-air ratio of collected sample after addition of diluvent alr
i total fuel-air ratio in maln stream at point of sampling

Ty vapor fuel-alr ratioc in main stream at point of sampling .

W welght flow of alr intercepted by probe, 1b/hr .
Wg welght flow of alr captured by probe,_lb/hr

Wgqg welght flow of diluent air added to collected sample, Ib/hr

We weight flow of fuel captured by probe, lb/hr

Wy weight flow of liquid fuel captured by probe, lb/hr

Ws tota} welght flow of collected sample after addition of diluent alr,
1b/hr . - } S o

The sempling efficiency of the spillover method employed in this in-
vestigation was found, in a separate study, to be approximately 90 per-
cent., This efficiency was assumed in the analysis.

The weight flow of liguid fuel collected by the probe was equal to
the total amount of fuel collected minus any fuel vapor contained in the
collected sample. Thus

W, = Wg = WiE_ (1) -
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Then
Wy = Wgeg - (Wg - W - Wgeg) £y (2)

or

£ hif
Wo =W S - IW, -W; -W B £y - f 3
LA T <s d” s 1+fs) (24 - 23) (s)

By definition of sampling efficiency
kb (4)
= = 0,90
Wefy
Substituting equation (4) in equation (3) ylelds

£ £
8 S
0.9 Wofy = Wg 35— - (ws - Vg - Wg T fs) (£y - £3) (5)

By simplifying, the resulting correction term is obtained

Wafy (L4£5) - Wg (£ - £5)
T1 = To.5 W, T Wy (ieE,) - W, (6)

A1l of the qusntities of equation (6) were measured except W,. This

guantity was calculsted from the known cross-sectionsl area of the probe
opening and the known weight flow of alr per unit area In the test duct.
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TABLE I. - COMPILATION OF EXPERIMENTAL DATA
frest-duct cross-secticnal ares, (.582 sq £t; fuel temperature at nozzle, 80i5° F]

Run|Air Alr Alr Duct Over- |Fuel |Injector|Axial Sam~ Spray {Index
flow, |[velo- |temper-|static| all nozzlelorifice |distance [pling evapor- lof fuel-
Wao elty, |ature, |pres- fuel- |prea- jdiame- |(from devlia- |ation, spray
1b/sec a, Ty, |sure, | air sure [ter, injecton [tion,? N, spread-
ft/sec| Cgr Pa, | retio, |drop, D, L, percent {percent |Lng,
in. Hg Lo Pes in. in. y
abs 1b/eq 8q £t
in.
1 (2.30 99 546 25.0 ]0.01206 55 0.041 10.4 -8.7 42.0 |0.01206
2 [3.38 144 549 25.3 .00823 55 041 10.4 11.0 45.6 .0188
3 |3.44 147 545 25.1 | .00808 55 041 10.4 -0.9 45.8 .a178
4 |3.50 150 545 25.0}) .00794 55 041 10.4 —4.8 49.6 .0165
S [4¢.82 197 545 25.21 .00601 55 <04l 10.4 -5.8 49.6 0130
§ [4.68 200 542 25.0| .00594 55 041 10.4 4.2 58.8 0132
7 [5.69 240 534 24.9 | .00488 55 041 10.4 -8.8 54.8 .0110
8 [5.77 2486 541 24.9 | 00482 55 041 10.4 .8 58.9 .0103
9 |8.88 282 540 25.0{ .00404 55 041 10.4 =3.0 52.1 00917
10 {3.25 154 613 25.2 | .00860 55 <041 10.4 -1.3 55.2 0175
11 }4.06 192 602 25.1 | .00684 55 041 10.4 2.2 58.8 .0178
12 [5.01 239 606 25.0 | .00555 55 041 10.4 3.2 84.5 0130
13 |3.42 186 6§94 25.1 | . 135 55 041 10.4 =3.8 7l.2 .0180
14 |3.70 201 694 25.1] .00752 55 <041 10.4 -4.4 77.5 0149
15 [4.23 228 669 25.1 ] .00657 55 041 10. 12.0 7.2 .0128
16 |4.94 270 693 25.0 | .005862 55 041 10.4 12.8 72.6 0117
17 |2.87 183 788 25.2 | 00936 55 041 "10. 4 -g.4 86.0 -0170
18 [3.15 193 786 25.2 ] .00882 55 <041 10.4 -2.2 8l.4 .0161
18 |3.87 239 790 25.21 .00718 55 041 10.4 2.8 87.4 0149
20 l4.68 287 784 25.2 | 00594 55 041 10.4 .0.7 87.7 .0128
21 [4.80 296 ki 24.8 | .00579 55 041 10.4 Td 87.3 0110
22 [5.53 341 784 25.0 | .00502 55 041 10.4 -8.8 89.3 .00860
23 j5.80 545 783 25.0 | .00498 65 041 10.4 2.4 89.3 .00990
24 |2.99 198 841 25.2 | .00930 55 041 10.4 -9.0 835.0 0174
25 (3.83 244 851 24.9 | .00766 55 041 10.4 -9.8 8g9.8 0154
268 |4.37 287 841 25.2 1 .00635 S5 <041 10.4 -10.8 96.4 .0129
27 (1.886 89 548 20.2 | 01492 55 041 10.4 ~4.8 43.6 0256
28 [2.77 161 545 18.4 [ .01002 55 Okl 10.4 -5.3 49.8 .0158
29 |4.15 148 545 30.0 | .00869 55 041 10.4 ~5.2 40.8 .0146
30 |4.85 148 543 35.0 | .00573 55 JO41 10.4 2.5 36.7 0135
31 (2.80 200 7735 19.7 { .01068 55 <041 10.4 -2.3 81.0 .0169
32 [3.86 196 778 30.1 | .00720 55 041 10.4 4.0 82.7 .0120
33 |4.61 204 778 35.0 | .00802 55 041 10.4 -12.6 71.7 0127
34 [31.3 235 770 20.2 | .go8ss 55 JO41 10.4 ~0.8 30.8 0149
35 |4.73 240 777 30.1 | .00587 55 +LO41 10.4 2.0 86.6 .01386
36 13.85 294 778 20.0 | .00722 55 <041 10.4 0.3 84.0 .0129
57 |5.82 298 782 30.2 } 00477 55 <041 10.4 ~5.0 85.2 0110
38 {3.32 284 asa 20.3 | 00837 55 .04 10.4 ~-9.0 80.5 .0145
39 (4.18 301 862 25.4 | 00868 55 041 10.4 -11.5 90.0 .0132
40 |253 252 264 20.7 | .01097 55 041 10.4 -8.8 92.2 Q152
41 [3.45 148 545 25.0 | .00806 55 041 5.25 6.8 32.8 0127
42 |3.40 146 549 25.1 ; .00818 55 041 l8.25 =5.9 62.5 L0244
43 |[3.40 145 548 25.2 | .00817 55 041 18.25 5.4 .0239
44 |4.58 199 547 24.8 | .00607 55 +041 5.25 1.6 58.1 0103
45 |4.56 185 545 25.0 | .00611 55 041 18.25 -1.4 64.2 0203
46 [4.58 197 547 25.0 | 00807 55 .04l 18.25 5.6 .0215
47 |5.75 245 548 25,1 | .00485 55 +041 18.25 4.1 .0185
48 [4.24 229 686 25.0 [ .00655 <041 l8.25 -g.2 T4.7 0203
49 |5.00 270 687 25.0 | .00555 55 041 18.25 4.7 79.1 .0180
50 [3.20 154 779 25.3 | .00889 58 L0£) 5.25 ~2.2 77.4
51 (4.14 254 781 25,1 | .00671 S5 041 5.25 1.9 80.8 0073
52 |3.48 147 542 25.1 | .00498 25 O41 10.4 ~7.2 37.3 0105
53 [4.68 198 541 25.1  .00369 25 <041 10.4 2.4 39.6 00877
54 [£.65 200 537 25.0 | .00725 85 Rol'x3 10.4 6.8 48.5 0152
55 [3.22 198 784 25.0 | .00535 25 042 10.4 7.5 71.1 .00995
b6 [3.23 200 781 25.2 | .01041 85 041 10.4 2.3 8.9 0172
57 |5.85 157 545 24.9 | .00228 55 024 10.4 -8.3 45.3 00917
568 15.37 145 547 25.0 | .00453 55 033 10.4 -10.8 44 .2 .0126
59 [4.81 lse 545 25.0 | .00181 55 024 10.4 ~3.9 45.0 00848
60 (45.1 196 546 24.8 | .0Q339 55 033 10.4 ~0.5 .0110
6l |3.24 197 774 25.0 | 00471 55 0335 10.4 -8.5 82.1 .01l4
62 |5.54 346 792 .0 ] .00278 55 033 10.4 -4,7 85.0 00980

8paviation of sampled total fuel-air ratic from metered fuel-air ratio.
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Figure 2. = Sohematic diagrem of sampling system.



Fuel-air ratio, f
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Figure 5. - Typical total and liquid fuel dietribution for contrastream injection of isocotene

from aimple-orifice fuel injectar. Fuel eveporated, 54.8 percent; ratic of eampled-to-mesmured
total fuel-alr ratio, 0.912; air-flow rate, 5.69 pounds per second; alr temperaturs, 534° R;

alr velocity, 240 feet per second; air pressurs, 24,9 Inches of mercury absclute; over-all fuel-
alr ratio, 0.00488; fuel-injection pressure drop, 55 pounds per sguare inch; distance from fyel

injactar, 10 inches; dlameter of fusl-injector orifice, 0.04L inch.
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Spray evaporation, N, percent

NACA RM ES3I14 2l
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( Injector )
0.041" diam. orifice
o~ Probe e
Alr flov _‘ P y/
I-—— 10 g / |
a0 // - —"|
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Air temperature, Ty, OF

Filgure 4. - Effect of alr temperature on percentage of fuel spray evaporated. Fuel,
iscoctane; alr pressure, 25 inchea of mercury zbsolute; fuel-injection pressure
drop, 55 pounds per aquare inch.
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Spray evaporation, N, percent
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Figure 5. - Effect of air velocity on percentage of fuel spray

Alr veloeity, Vg, ft/sec

evaporated. Fuel, isooctane; alr pressure, 25 inchea of
mercury absolute; fuel-injection pressure drop, 55 pounds

per square inch.
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Figure 6. ~ Effect of ambient pressure on percentage of fuel
spray eveporated. Fuel, isooctane; fuel-injection pressure
drop, 55 pounds per square inch.
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Spray eveporation, N, percent
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Axial distance from injector, L, in.

Figure 7. - Effect of sampling distance on percentage of fuel
spray evaporated. Fuel, lscoctane; alr pressure, 25 inches
of mercury ebsolute; fuel-inJjection pressure drop, 55 pounds

per square inch.
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Spray evaporation, N, percent
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Figure 8. - Effect of fuel-injection pressure drop
on percentage of fuel spray evaporated.
ieococtane; alr pressure, 25 inches of mercury

absolute.
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Spray evaporation, N, percent
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Diameter of fuel-injector orifice, D, in.
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Figure 9. - Effect of orifice size on percentage of fuel spray evaporated.
Fuel, 1sococtane; air pregsure, 25 inches of mercury absolute; fuel-

injection preasure drop, 55 pounds per square inch.
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Figure 10. - Correletion of percentage of fuel spray eveporated. Fuel, 1soocténe;
air veloeity, 100 to 350 feet per second; air temperature, 80° to 390° F.
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Fuel-air ratio,
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Figure 11, -~ Typical total fuel distribution for

contrastream injection of isooctane from
gimple-orifice fuel injJector. Alr flow,
5.69 pounds per second; alr temperature, 534° R; -
air velocity, 240 feet per second; air pregsure,
24.9 inches of mercury absolute; over-sll fuel-~
air ratio, 0.00488; fuel-injector pressure drop,
55 pounds per square inch; distance from fuel

injector, 10% inches; diameter of fuel-injector

orifice, 0.041 inch; index of fuel-spray spread-
ing, 0.0110 square foot.



Fuel-sprey spreading index, M, sg ft
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Filgure 12, - Effect of glr temperature on fuel-spray spresding index. Fuel, isooctane;
alr pressure, 25 inches of mercury absolute; fuel injection pressure drop, 55 pounds
per equare inch.
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Fuel-spray spreading index, M, sq ft
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Figure 13. - Effect of air velocity on fuel-spray spreading index. Fuel,
isooctane; alr preassure, 25 inches of mercury abeolute; fuel-injection
pressure drop, 55 pounds per square inch,
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Figure 14. - Effect of air pregsure on fuel-spray spreading

index.
55 pounds per square inch.

Fuel, isococtane; fuel~injection pressure drop,
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Fuel-spray spreading index, M, sq ft
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Figure 15. - Effect of sampling distance on fuel-spray spread-

ing index.

Fuel, iscoctene; air pressure, 25 Inches of

mercury absolute; fuel-inj)eetion pressure drop, 55 pounds

per square inch,

890¢



890¢

NACA RM ES53I14

Fuel-spray spreading index, M, sq ft
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Figure 16, - Effect of fuel-injection pressure

drop on fuel-spray spreading index

. Fuel,

isooctane; air pressure, 25 inches of mercury

absolute.
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Fuel-spray spreading index, M, aq ft
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Figure 17. - Effect of orifice size on fuel-spray spreading index., Fuel,

isooctane; alr pressure, 25 inches of mercury absolute; fuel-injection
pressure drop, 55 pounds per saquare inch.
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Figure 18. - Correlation of index of fuel-spray spreading. Fuel, iscoctane; air veleelty, 100 to
350 fest per second; air temperature, 509 to 390° F.
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